Gene duplication generates genetic novelty and redundancy and is a major mechanism of evolutionary change in bacteria and eukaryotes. To date, however, gene duplication has been reported only rarely in RNA viruses. Using a conservative BLAST approach we systematically screened for the presence of duplicated (i.e., paralogous) proteins in all RNA viruses for which full genome sequences are publicly available. Strikingly, we found only nine significantly supported cases of gene duplication, two of which are newly described here-in the 25 and 26 kDa proteins of Beet necrotic yellow vein virus (genus Benyvirus) and in the U1 and U2 proteins of Wongabel virus (family Rhabdoviridae). Hence, gene duplication has occurred at a far lower frequency in the recent evolutionary history of RNA viruses than in other organisms. Although the rapidity of RNA virus evolution means that older gene duplication events will be difficult to detect through sequencebased analyses alone, it is likely that specific features of RNA virus biology, and particularly intrinsic constraints on genome size, reduce the likelihood of the fixation and maintenance of duplicated genes.
Introduction
Gene duplication is central to the development of organismal complexity. Gene duplication provides important evolutionary opportunities through the creation of new genetic material (Ohta 1989; Zhang 2003; Hurles 2004; Innan and Kondrashov 2010) and has been linked to many aspects of genome evolution (Wagner et al. 2007 ) and species diversification (Zhang et al. 2002; Zhang 2003) . As gene duplication is a potent way to create new biological function, it is not surprising that it occurs frequently in many organisms and sometimes as duplications of complete genomes (Meyer and Schartl 1999; Soltis and Soltis 1999) . In many species, particularly large eukaryotes, gene duplication also leads to genetic redundancy, such that many paralogous gene copies have no apparent function. Surveys of gene duplication in representative genomes from different domains of life indicate that paralogous genes (and which may form multigene families) are a common occurrence, representing as much as 40-65% of the total number of genes (Zhang 2003) . Although several evolutionary models have been developed to explain how duplicated genes can be fixed and maintained in genomes (Innan and Kondrashov 2010) , mechanistically gene duplication can result from a variety of processes, including unequal crossing over and retroposition, although always related to a form of recombination.
Despite the evolutionary importance of gene duplication, far less is known about this process in viruses, particularly those with RNA genomes. To date, gene duplication has been described relatively frequently in large DNA viruses, in which multigene families are a relatively common occurrence (Shackelton and Holmes 2004) . Among the many examples are the numerous multigene families in African swine fever virus (de la Vega et al. 1990 ), the multiple cases of duplication in the E4 region of mastadenoviruses (Davison et al. 2003) , and the terminal inverted repeats in myxoma viruses (Labudovic et al. 2004) . Similarly, gene duplication has been reported in a number of small DNA viruses, such as the Papillomaviridae (Cole and Danos 1987) and Parvoviridae (Hoelzer et al. 2008) . In contrast, gene duplication has to date only been relatively rarely documented in RNA viruses and reflected in the marked lack of multigene families (and genetic redundancy) compared with other organisms (Holmes 2009 ). In particular, there are few reported cases in which gene duplication has resulted in two complete open reading frames within a viral genome, and which may be tandemly repeated (Forss and Schaller 1982; Tristem et al. 1990; Boyko et al. 1992; Walker et al. 1992; Wang and Walker 1993; Karasev et al. 1995; LaPierre et al. 1999; Peng et al. 2001; Valli et al. 2007; Walker et al. 2011; and see Results) . Other duplication events in RNA viruses involve short sequence duplications in untranslated regions (Panavas et al. 2003; Gritsun and Gould 2006) and short intragenic regions (Nagai et al. 2003; Zlateva et al. 2007; Cao et al. 2008) . Such a low frequency of gene duplication is especially striking given that endogenous retroviruses have been associated with gene duplication events in their hosts (Hughes and Coffin 2001) , suggesting that gene duplication is mechanistically possible in RNA viruses.
Although it is likely that some gene duplication events in RNA viruses will be difficult, if not impossible, to recover through gene sequence analysis because of their high levels of divergence, it may also be that these organisms experience intrinsic evolutionary constraints against gene duplication (Holmes 2009 ). In particular, it has been suggested that there is a cap on the maximum size that can be attained by an RNA virus genome, which is set by their extremely high mutation rates (approximately one mutation per genome replication). Accordingly, both gene duplication and lateral gene transfer are expected to be rare in RNA viruses, as any increase in genome size is likely to increase the burden of deleterious mutations and hence reduce fitness (Holmes 2003 (Holmes , 2009 ). An increase in viral genome size would also result in longer replication times, which could be selectively disadvantageous, and constraints associated with unwinding long regions of dsRNA may similarly limit genome size (Reanney 1982) , as could those imposed by limits to capsid size and shape. Finally, it may be that RNA viruses are better able to create evolutionary novelty through a combination of frequent mutation and large population sizes. Indeed, a similar rationale has been invoked to explain the low rates of recombination observed in many RNA viruses (Simon-Loriere and Holmes 2011).
To better understand the causes and consequences of gene duplication, as well as the determinants of this process, it is essential to assess the frequency with which it occurs in RNA viruses. To this end we performed a comprehensive survey of the occurrence of gene duplication in all publicly available families of RNA viruses.
Results
We employed a BLAST approach to analyze gene duplication events in 1198 virus species, comprising 774 single-strand (ss), positive-sense RNA viruses, 155 single-strand, negative-sense RNA viruses, 119 reverse-transcribing viruses, and 150 doublestrand (ds) viruses. Despite the size of the data set analyzed, we detected only nine statistically supported cases (i.e., at a protein BLAST e-value of <10
À5
) of gene duplication, although a number of other viral genes exhibited nearly significant matches. In addition, all but one of these duplicate genes are located adjacent to each other in the viral genome. Hence, it is clear that gene duplication is a rare and highly sporadic event in recent RNA virus evolution. , 22% sequence identity, and a 43% positive match in a 217 amino acid region) ( fig. 1 ). Because these are multicomponent viruses it is likely that this particular case of gene duplication occurred through a form of segmental reassortment, rather than intrasegment recombination. Indeed, we suggest that the transmission of an additional copy of segment 3, from the same or a homologous virus, and the subsequent functional differentiation from the original p25 protein (or vice versa) produced this particular genomic organization.
We also found several cases of duplication of the coat protein (CP) in the Closteroviridae, a family of plant RNA viruses that possess genomes up to 20 kb in length, and which form flexuous, filamentous virions. Specifically, all members of the Closteroviridae possess a minor coat protein (CPm) that is located adjacent to the CP in a 5 0 or 3 0 location. This duplication event was previously described in two members of the genus Closterovirus-Beet yellow virus (BYV) and Citrus tristeza virus (Boyko et al. 1992) . The signal for gene duplication (i.e., gene paralogy) was found to be statistically significant in 9 of the 33 species of Closteriviridae studied here, and scattered among the three genera (Ampelovirus, Clostrovirus, Crinivirus), with e-values ranging from 1 Â 10 À6 to 6 Â 10 À24 (Table 1 ). In addition, another homolog of CP (CPh) is present in all criniviruses and, based on the identification of two conserved Arg and Asp residues, the C-terminal domain of a 64 kDa protein expressed by the closteroviruses has been shown to be homologous to CP in BYV (Napuli et al. 2003) . The corresponding protein in the Ampelovirus genome (55 kDa protein) exhibits some sequence similarity to the 64 kDa protein of the closteroviruses and hence is also likely to be a distant homolog of CP. However, this putative gene duplication event was (marginally) not significant in our analysis, with the highest value found for the Closterovirus mint virus 1 (e-value: 9 Â 10 À4 , 27% identity, and a 42% positive match in a 81 amino acid region). Finally, and uniquely among the Costeroviridae, Grapevine leafroll-associated virus 1 possesses two copies of the CPm protein (Fazeli and Rezaian 2000) , which also exhibit strong sequence similarity (e-value: 7 Â 10 À22 , 38% identity, and a 58% positive match in a 125 amino acid region). The presence of multiple homologs of the CP among all species of the Closteroviridae is suggestive of an ancient duplication event, or series of events, that occurred prior to the diversification into the three current viral genera. Interestingly, this viral family possess an unusual range of different genome lengths and organizations, including mono-, bi-, and tripartite genomes (Dolja et al. 2006) , again indicative of a history of major genomic events. , 75% identity, and a 95% positive match in a 20 amino acid region), but failed to detect the third copy at a significant value (e-value: 0.02, 56% identity, and 78% positive match in a 18 amino acid region), likely due to its very small length and greater divergence. As there is no known specialized function for the supplementary copies of VPg, it has been suggested that having multiple copies of VPg is advantageous because it results in increased protein synthesis (Forss and Schaller 1982; Falk et al. 1992) . While other gene duplication events have been proposed to have occurred during the evolution of the Picornaviridae, these were not detected as significant in our analysis. For example, the general correspondence in protein structures between the two proteases of enteroviruses2Apro and 3Cpro-has led to the idea that they are duplicate copies (Palmenberg et al. 2010 ; see Discussion).
Single-Strand, Negative-Sense RNA Viruses
Among members of the genus Ephemerovirus (family Rhabdoviridae), we detected a signal of gene duplication in the genomes of both Bovine ephemeral fever virus (BEFV) (evalue: 1 Â 10
À7
, 23% identity, and a 38% positive match in a 389 amino acid region) and Kotonkan virus (e-value: 4 Â 10 À9 , 23% identity, and a 39% positive match in a 324 amino acid region), with the presence of two consecutive and related glycoproteins, G and G NS (Walker et al. 1992; Blasdell et al. 2012) . The related Adelaide river and Obodhiang viruses also possess a second glycoprotein, likewise inserted between G and L (Wang and Walker 1993; Blasdell et al. 2012) , which suggest that the duplication event could have occurred in the common ancestor of these viruses. While our analysis failed to detect a significant sequence similarity in these viruses, reflecting a greater divergence between their glycoproteins, we found very strong sequence similarity between G and G NS of the (unclassified) rhabdovirus Ngaingan virus (e-value: 9 Â 10 À25 , 21% identity, and a 39% positive match in a 396 amino acid region).
Finally, also in the Rhabdoviridae, we describe a gene duplication event in Wongabel virus (WONV; unassigned, although a member of the Hart Park group) (Gubala et al. 2010) . Specifically, there is a significant signal for paralogy (e-value: 8 Â 10 À9 , 26% identity, and a 45% positive match in a 145 amino acid region) between the U1 and U2 proteins, both of unknown function ( fig. 2 ). This observation supports previous suggestions of gene duplication events in this region (Walker et al. 2011 ). The presence of additional genes between the P and M genes in the WONV genome is a feature of several plant-infecting members of the rhabdovirus genera Cytorhabdovirus and Nucleorhabdovirus (Tanno et al. 2000; Revill et al. 2005; Dietzgen et al. 2006) . These genera-specific sets of additional genes, as well as insertion events, suggest that there have been major genomic rearrangements during the evolutionary history of the Rhabdoviridae. In addition, that other members of the viral order Mononegavirales similarly contain additional genes in different positions at a genera-specific scale suggests that these rearrangements may have occurred commonly in these viruses.
Reverse-Transcribing Viruses
Our analysis detected several duplication events in the Retroviridae, all of which have been described previously. The oncogenic Walleye epidermal hyperplasia virus (WEHV) contains two tandemly linked accessory genes-orfA and orfB-which share some sequence similarity among each other and to human cyclin D1 (LaPierre et al. 1999) . This led to the suggestion that these two genes arose by gene duplication following capture of a cellular cyclin (LaPierre et al. 1999) . Our analysis marginally failed to validate a significant sequence similarity for WEHV-1 (e-value: 7 Â 10 À4 , 26% identity, and a 45% positive match in a 90 amino acid region), likely due to the small length of the region involved. However, further analysis of the WEHV-2 genome revealed a significant signal for a potential gene duplication event (e-value: 8 Â 10
À9
, 25% identity, and a 43% positive match in a 197 amino acid region) (Table 1) . Similarly, we found a very strong signal of sequence similarity (e-value: 2 Â 10 À22 , 42% identity, and a 50% positive match in a 113 amino acid region) for tandemly repeated proteins of Xenopus laevis endogenous retrovirus Xen1 as described previously (Kambol et al. 2003) (Table 1) . Interestingly, the mechanisms proposed for the acquisition of cellular genetic material rely, as for gene duplication, on RNA recombination. Another well-documented case of gene duplication, which we also observed here, was in a subset of the primate lentiviruses, notably Human immunodeficiency virus type 2 (HIV-2) and the related simian immunodeficiency viruses (SIV). All these viruses possess a viral protein R (vpr) in addition to the viral protein X (vpx) present in all lentiviruses (Tristem et al. 1992) , which were detected as duplicate copies in both HIV-2 (e-value: 3 Â 10 À58 , 73% identity, and a 81% positive match in a 90 amino acid region) and some SIVs (e-value: 9 Â 10 À6 , 29% identity, and a 44% positive match in a 91 amino acid matching region). These small accessory proteins accumulate in the nucleus of infected cells and appear to share similar functions (Fujita et al. 2010) . Hence, vpr and vpx might have arisen by gene duplication, although this could also represent a horizontal gene transfer of vpr from an SIV group (Sharp et al. 1996) .
Discussion
Although containing a diverse array of genomic organizations, replication strategies, and infecting a huge array of hosts, the most striking result from our study is that gene duplication is extremely rare in the recent evolutionary history of RNA viruses, with only sporadic cases in a survey of 1198 virus species, with no cases detected in dsRNA viruses. Hence, gene duplication appears to occur far less frequently in RNA viruses than it does in all other domains of life, including DNA viruses. This is an intriguing observation, as those cases of gene duplication documented in RNA viruses all seem to involve the action of some form of either homologous or non-homologous recombination, a process that can occur in any RNA virus and which is relatively frequent in some (Simon-Loriere and Holmes 2011). Hence, the very low rate of gene duplication in RNA viruses likely reflects the strong selective constraints against increasing genome sizes (i.e., which increases mutational burden) rather than an absence of appropriate molecular mechanisms.
Mechanistically, gene duplication in RNA viruses could occur as the consequence of an upstream relocation, midreplication, of the polymerase on a genomic template, in accord with the widely accepted "copy choice" model of RNA recombination (Lai 1992) . However, this model posits that the reassociation of the polymerase on a template is guided by sequence homology with the nascent strand (Zhang and Temin 1994) , which makes it highly unlikely that such an upstream relocation take places. This is further supported by the markedly lower frequency of non-homologous than homologous recombination in RNA viruses (Lai 1992) . However, the presence of homologous regions at both ends of a gene could favor such an event. This idea has been advanced to support the glycoprotein duplication in BEFV, where the flanking regions of both genes exhibit strong sequence similarly (McWilliam et al. 1997) . While homologous recombination is a relatively rare event in negativesense RNA viruses, likely due to the coating of the nucleic acids by a nucleoprotein that prevents homology guiding of the polymerase during a template switching event, the frequent generation of defective interfering particles demonstrates the propensity of the polymerases of this group of viruses to dissociate from their template (Simon-Loriere and Holmes 2011).
Also of importance is the possibility that duplicate genes are generated by recombination with genetic material from a related organism, in a process similar to lateral gene transfer, rather than gene duplication. Indeed, this idea is compatible with the observation that the extent of sequence similarity is sometimes greater between a duplicated gene and a homologous copy in a related species than between the duplicated copies. An illustrative example is provided by the picornaviruses Ljungan virus (LV) and Duck hepatitis virus (DHV) (Johansson et al. 2002; Tseng et al. 2007 ). LV and DHV harbor two and three tandemly repeated copies of the 2A gene, respectively, with the extra copies being more closely related to different viral relatives, all of which harbor only one copy of 2A. In particular, LV-2A1 and DHV-2A1 are more similar to the 2A proteins of cardio-, erbo-, tescho-, and aphthoviruses, while LV-2A2 and DHV-2A3 appear more closely related to 2A protein of parechoviruses, kobuviruses, and Avian encephalomyelitis virus. However, it is equally likely that the viruses in question descended from a common ancestor where multiple copies of the capsid existed, which were lost later in the evolutionary history of other picornaviruses.
While we observed very few cases of detectable gene duplication, it is highly likely that this process played a more important role in the early diversification of viral genomes, such that protein sequence similarity has been sufficiently eroded to return nonsignificant e-values in protein BLAST analyses. Indeed, ancient gene duplication is likely to explain at least some of the variation in genome size and structure observed among RNA viruses. For example, the VP1, VP2 and VP3 proteins of picorna-like viruses share a remarkably similar three-dimensional structure, strongly suggesting that they descended from a common ancestral protein, even though there is no longer a significant signature for relatedness at the level of amino acid sequence (Rossmann and Reuckert 1987; Liljas et al. 2002) . Accordingly, analyses of protein structure are likely to be the only viable way to determine the occurrence of ancient gene duplication events in RNA viruses.
Materials and Methods
The sequences of all complete viral reference genomes (as of March 2012) were retrieved from the National Center for Biotechnology Information website (http://www.ncbi.nlm. nih.gov/) (i.e., GenBank). This resulted in a data set of 1198 viral species and which are listed in the supplementary material, Supplementary Material online. For each viral species, the amino acid sequence of each individual protein was extracted and the sequence similarity to all other proteins of the same viral genome assessed using BLASTP (Altschul et al. 1997) . Proteins were considered as homologous-and hence indicative of a duplication event-when the BLASTP search returned an e-value above an arbitrary cutoff e-value of 10
À5
. Because a cutoff e-value of 10 À5 is relatively stringent, from which we can safely exclude false-positive results, our focus is necessarily on those gene duplication events that have occurred in the relatively recent past and where there is still a phylogenetic signal for relatedness. Indeed, any BLAST-based analysis is necessarily a compromise between eliminating false positives and missing divergent, but true, matches. Although this approach necessarily means that we are not able to detect gene duplications that occurred early in the evolutionary history of viruses, for which no phylogenetic signal will remain, it still allows us to compare rates of gene duplication relative to those of processes like nucleotide substitution in the recent past. In addition, this methodology necessarily did not allow us to obtain information on potential intra-protein domain duplications, nor those occurring in non-coding genomic regions.
Supplementary Material
Supplementary material is available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
